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INTRODUCTION
During the last decade, global demand for cheap housing has been increasing especially in both developed and developing countries. It was shown that FCCs possess lower density, superior fracture toughness, ductility, flexural capacity, and crack resistance as compared to non-fibrous cement composites. They can be applied as a material for ceiling, roofing, internal/external wall, and facade (Khorami; Ganjian, 2011; Mohr et al., 2005) . Considering the lack of wood resources and banning asbestos fibers, there is a great interest to use agricultural wastes such as bagasse fibers, recycled fibers; and different industrial wastes in manufacturing FCCs. Since construction consumes large amounts of materials, the utilization of such wastes in manufacturing cement composite offers an appealing alternative to their disposal (Protásio et al., 2017; Mohammadkazemi et al., 2015; Abdel-Kader; Darweesh, 2010) .
Nowadays, the industrial waste generation has increased considerably worldwide. In this regard, incineration was introduced as an alternative for reducing the volume of the wastes, which in turn, produce ash as another waste and has a destructive effect on the environment. One of the most critical environmental issues is industrial waste management which requires sustainable strategies. The most suitable and economic option for reducing ash and minimizing its hazardous effects on the environment is to utilize it in the manufacture of construction and building materials (Rajor et al., 2012; JIDRADA et al., 2016) . In this regard, stabilization/Solidification (S/S) is typically a process that involves the mixing of a waste material with a binder to reduce the contaminant leachability by both physical and chemical methods and to convert the hazardous waste into an environmentally acceptable waste form for land disposal or construction use. Portland cement is one of the most commonly used binders for S/S because of its availability and low cost (Spence; Shi, 2004) . Fly ash and bottom ash are two important types of solid industrial wastes. In recent years, it is reported that many waste materials/by-products have been used in controlled low strength materials such as fly ash, bottom ash, foundry sand, paper pulp, kiln dust, crumb rubber, glass and so on (Qian et al., 2015) . Butler et al. used type I Portland cement and type N sodium silicate solution to solidify Cd, Pb, and phenols. The analyses have been found to support the leaching and mechanical property test results (Butler et al., 1988) . In another study, it was shown that bottom and fly ash produced from incinerated hospital waste can be used for the production of concrete and bricks (Tay, 1987) . Genazzini et al. evaluated the feasibility of including hospital waste ashes in cementbased materials. According to their study, suitable strength levels were reached (Genazzini et al., 2003; Genazzini et al., 2003; .
Among different industries, papermaking factories produce high amounts of solid wastes which need high cost for land disposal and put a high pressure on the environment (Monte et al., 2008) . The production of dry industrial sludge is approximately 4.3% of the final products, reaching to 20-40% in the case of recycled paper mills (Ochoa de Alde Jesus, 2008) . Moreover, the ''Sustainability Report 2015" filed by the Domtar Corporation reported that about 141 kt of solid wastes were landfilled in 2014 (Wu et al., 2016) . These sludges are commonly dried, deposited in the landfill, spread, or incinerated to reduce their volume and to recover part of energy (Lou et al., 2011) . New strategies aim to prevent or reduce negative effects of these landfills on the environment. It was reported that papermaking waste sludge (PWS) containing a high content of inorganic solid materials as well as chemically modified natural fibers (organic components) can be used in the production of construction and building materials (Andreola et al., 2005; Chang et al., 2010; Chung, Naik, 2005; Modolo et al., 2011; Yan et al., 2011) . It was shown that addition of 5-15% of sludge improves both the final product and the process. Its fiber content increases the porosity of the composite; therefore, it enables producing lightweight constructions (Monte et al., 2008; Furlani et al., 2011) . Yan et al. reported that including up to 20% of sludge into mortar improves its mechanical properties (Yan et al., 2011) . Using PWS in the production of fiber-cement sheets showed environmental and economic benefits (Modolo et al., 2011) .
Metakaolin (MK) is a pozzolanic and thermally activated alumino-silicate material obtained by the calcination of kaolinitic clay at a temperature of 500-800°C. The raw material input in the manufacture of MK (Al 2 Si 2 O 7 ) is kaolin. The positive influence of MK on mechanical properties, including compressive, tensile, and bending strengths of cement-based materials was confirmed by previous studies (Menhosh et al., 2016; Siddique; Klaus, 2009) . MK demonstrated excellent pozzolanic characteristics due to the amorphous structure and high specific surface (Sabir et al., 2001; Love et al., 2007; Castellanos et al., 2015) . Pozzolanic reactions of MK change the microstructure of cementitious composites and chemistry of hydration products by utilizing released calcium hydroxide (CH) and production of extra calcium silicate hydrate (CSH) gel resulting in an improved strength and durability (Shekarchi et al., 2010) .
Despite the requirements for the strength of composite manufactured with industrial ash, toxicity and health issues should be considered. Toxic elutes that include hazardous wastes from poorly stabilized/Solidified materials could severely contaminate the groundwater, surface waters and the environment (Spence; Shi, 2004) . According to the importance of the topic, the aim of the present study is oriented to investigate the possibility of using a high Fe and Ti content petrochemical ash (bottom ash) and PWS as industrial wastes in the manufacture of FCCs. The effect of MK on physical and mechanical properties of composites was also assessed. Indeed, the toxicity of materials and manufactured FCC was evaluated.
MATERIAL AND METHODS

Material
Bleached bagasse pulp fibers were provided from Pars papermaking mill, Khuzestan, Iran; 2%wt. pulp fibers were used in fiber-cement composite manufacturing. Length and diameter of fibers were 1.26 mm, and 26.97 μm, respectively. Also, PWS was provided from a papermaking mill, Iran. Total organic components, length, and width of PWS were 50.38%, 1.63 mm, and 24 μm, respectively. Figure 1 represents SEM micrographs of PWS used in FCC manufacturing (a, b) as well as images of materials (c). A high Fe and Ti content bottom ash, provided from a petrochemical plant in Khuzestan, Iran, was prepared from incineration of petrochemical wastewater sludge at 600°C. All materials were ground by a rotary mill with a feed size of 0.5mm. The MK used was a commercially available natural pozzolan imported from India. Type II Portland cement (PC) was used to manufacture FCCs. Poly-carboxylate based superplasticizer was also used 0.5% by dry weight of cement to achieve the desired workability.
The chemical composition of PC, ash, PWS, and MK obtained from XRF analysis are presented in Table 1 .
The high percentage of some metals such as Fe 2 O 3 or TiO 2 may be due to the use of metal chloride in the process of coagulation and flocculation in the drainage tanks, as well as washed metals from the reservoirs, distillation columns and metal pipes, which appeared in the ash after combustion of the sludge.
FIGURE 1
Scanning electron microscopy micrographs of papermaking waste sludge (PWS) (a, and b: higher magnification), images of PWS, ash, and Metakaolin (c). Composite manufacturing PWS, ash, and MK were replaced with PC. Three ash/PC ratios of 0:1, 0.1:1, and 0.15:1, three MK/ PC ratios of 0:1, 0.1:1, and 0.15:1, and three PWS/PC ratios of 0:1, 0.06:1, and 0.12:1 were used to produce composites. Water/PC ratio was considered as 0.7:1 and control composites contained PC and bagasse fibers.
*-means trace of element
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To manufacture the composites, superplasticizer was dissolved in water and added to the composition. The composite manufacturing method was according to the previous studies (Khorami; Ganjian, 2011; Mohamkadkazemi et al., 2015) . The mortar was mixed using an electric mixer at 1320 rpm for 5 min (3 min mixing with two one-minute pauses). The target density and thickness of composites were 1.2 g.cm -3 and 12 mm, respectively. The mixture was uniformly poured and distributed on a metal plate inside a frame-like mold (100× 250× 40 mm3); another plate placed on the top of the mat. Two sides of the mat were covered with cellophane to prevent sticking. Thereafter, the mat was cold-pressed under a constant weight for 24h for primary curing to occur. Then, the composite was released from the mold and conditioned at 95% relative humidity (RH) at room temperature (20±1°C). The cured composites were then conditioned at 65±2% RH and 20±1°C for two weeks. Conditioning of composites is necessary due to the moisture uniformity and equilibrium.
Mechanical and physical properties
Measurement of mechanical properties was carried out according to DIN 68763. Modulus of rupture (MOR), modulus of elasticity (MOE), fracture toughness (FT); which is defined as the energy absorbed during the flexural test divided by the cross-sectional area of the specimen (Tonoli et al., 2009) , internal bonding strength (IB) which was calculated as shear strength parallel to the surface, and water absorption after 24h immersion in water (WA24). Four replicates were considered for each combination.
Analysis of variance (ANOVA) was used for statistical analysis of the data. Duncan multiple range tests (DMRT) was used to group the averages. The experiment was arranged as a 3×3×3 factorial in a completely randomized design.
X-ray diffraction (XRD) analysis
XRD patterns were collected in order to identify the main peaks and phases on X'Pert pro-MPD (multi-purpose diffractometer, Model PW3040/60) with CuKα radiation generation at a temperature of 25°C, resolution of 0.001°. Diffraction intensities were measured between 2θ of 4-60° at 40 kV and 30 mA. Before carrying out XRD analysis, fiber-cement samples were ground using a planetary ball mill (Fritsch, Pulverisette 5) below 75 μm.
Toxicity characteristic leaching procedure
The use of ash that exposed to weathering in practice requires a study of their potential toxicity. To study the potential toxicity of ash, the test recommended by USA EPA (2003) was applied. The concentration of heavy metals was obtained using inductively coupled plasma optical emission spectrometry (ICP-OES), Liberty-RL.
RESULTS AND DISCUSSION
Effects of PWS, ash, and MK on mechanical properties of FCCs are represented in Figures 2 to 5. According to the obtained results, MOR, MOE, and FT of composites were increased significantly with the addition of PWS. Composites produced with 6% PWS content showed superior mechanical properties. PWS contains the suitable amount of fibers 
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(50.38%) and has incremented mechanical properties especially FT; since absorbed energy was increased and more fibers are pulled out from the matrix. In fact, the fibers bridge the matrix cracks and transfer the loads, allowing a distributed microcrack system to develop. It was reported that sludge content of 10% or more delayed the setting time and reduced mechanical properties of concrete significantly (Johnson et al., 2014) . Nevertheless, FCC containing 12% PWS have indicated higher FT compared with other combinations. IB strength of composites was decreased with increasing PWS. Increasing PWS in cement matrix increased fiber to fiber binding, decreased binding fiber to cement, and caused agglomeration within the cement matrix. Broken pieces of bending specimens confirmed non-uniform distribution of PWS fibers in the matrix. This could result in the reduction of fiber-cement interfacial adhesion and hence decreased IB strength. This reduction was highlighted when 12% PWS and 15% ash were combined in the mixture. Martínez-García et al. showed that products with 5% sludge content revealed suitable mechanical properties (Martínez-García et al.,2012) . When the percentage of paper mill sludge in the concrete increased, mechanical properties decreased. It can be deduced from increasing voids content with increasing PWS. A high correlation was observed between density and strength of the concrete containing paper mill sludge (Nazar et al., 2014) .
Using ash up to 15% in composite manufacturing increased MOE of composites while IB and FT were decreased. Petrochemical Ash has a low CaO content, a material which helps to improve mechanical properties; therefore, some engineering properties were decreased because of difficulties in relation to setting time and adhesion. However, FCC containing petrochemical ash showed acceptable strength levels. It was reported that waste sludge with low destructive components has a low environmental impact (Silva et al., 2007) .
Replacing MK with PC has enhanced mechanical properties of composites. FCCs with 10% MK revealed the highest MOR, MOE, and FT; however, maximum IB belonged to composites with 15% MK (Figure 4) . Improving mechanical properties of cement-based materials with the addition of MK at various substitution levels was proved. Zhang and Malhotra reported that an addition of 10% MK increased MOE by 8% in concrete (Zhang; Malhotra, 1995) . Many studies have shown that the initial and final setting times of the cement incorporating 10% MK were shorter than those of PC (Li; Ding, 2003) . It was stated that alkali-silica reaction could be mitigated and compressive and bending strengths enhanced by 10-15% replacement of cement by MK (El-Din et al., 2017; Aquino et al., 2001; Courard et al., 2003; Poon et al., 2001; Ramlochan et al., 2000) . Figure 6 . According to the phase identification, peaks located at 2θ= 18°, 32.1°, 34°, 47°, 50.7°, 54.32° and 56.28° (d (Å) = 4.93, 2.78, 2.63, 1.92, 1.8, 1.69) corresponded to portlandite (CH), peaks at 2θ= 26.5, 28°, 29.4°, 32°, 34°, 41° and 50° corresponded to CSH. Also, peaks at 2θ= 32°, 34°, 41°, 54° and 2θ= 47°, 54° were attributed to larnite (β-C 2 S) and calcite (CaCO 3 ), respectively. Ettringite, (Ca 6 [Al (OH) 6 ] 2 (SO 4 ) 3 .26H 2 O), can be identified at 2θ= 8.7°, 18°, 29.4°, 32° and 34°. There were some overlapped peaks in XRD spectral profiles. As can be observed in Figure 6 , the main CH peaks (2θ= 18°, 32.1°, and 47°) in control composites are the highest among other compositions. PWS6-a10-MK10 Composites had the lowest CH peaks and the highest CSH and ettringite peaks. Interestingly, this is caused by the reaction of CH with MK, ash, and PWS which produced CSH responsible for the strength of composites. However, the pozzolanic activity of MK was higher than the rest. XRD results were in accordance with mechanical properties of composites where optimum amounts of components were used. With ternary binder made of CFBC fly ash, conventional fly ash, and calcium hydroxide, proportions of C-S-H and ettringite in the system were grown and compressive strength enhanced (Hlaváček et al., 2018) . Figure 7 shows water absorption of FCCs after 24h immersion. WA24 was increased with replacing PWS, ash, and MK. All materials are hydrophilic and intended to absorb water. MK contains actively amorphous silicon dioxide and aluminum oxide; they can react with hydrates of cement to form CSH gel and Ettringite. Hence, this process reduced the setting time and increased the water absorption (Li; Ding, 2003) . It was confirmed that water absorption of concrete mixtures increased with the increase of MK content (Khatib; clay, 2004; Razak et al., 2004) . Cement mixtures containing MK revealed a greater total porosity than the PC pastes (Siddique; Klaus, 2009) . PWS is composed of many fibrous materials and enhanced water absorption capacity of composites. Also, ash and PWS contents increased, water absorption increased and density of composites diminished (Yan, 2011) . The density of FCCs varied from 1.12 to 1.56 g.cm -3 , represented in Figure 8 . Dropping density of composites has proved that voids are developed throughout the matrix with increasing PWS, ash, and MK; accordingly, WA was grown. The least WA was related to FCC containing 10% MK with no PWS and ash.
To evaluate the toxicity of ash and produced FCC (PWS6-a10-MK10), heavy metals were measured and compared to the EPA 1311 standard. Table 3 shows the concentration of heavy metals for materials.
FIGURE 6 X-ray diffractograms of fiber-cement composites.
FIGURE 7
Effect of papermaking waste sludge, ash and metakaolin on water absorption (WA24) of fibercement composites.
FIGURE 8
Effect of papermaking waste sludge, ash and metakaolin on density of fiber-cement composites.
As a new interesting result, concentrations of both ash and FCC were lower than permissible values determined by EPA 1311. There is no limit for copper (Cu) and zinc (Zn) in EPA 1311; however, their concentrations were lower than values reported in the literature (Fernandez Pereira et al., 2007; Galiano et al., 2011; Ettler et al., 2005) . Noticeably, the concentration of all heavy metals in elutes for FCC was significantly decreased compared with ash. It can be attributed to the proper solidification and encapsulation of ash within the cementitious matrix. These results are in accordance with XRD pattern; as PWS6-a10-MK10 Composites had the lowest CH and the highest CSH peaks. Increasing pH value increases the solubility of heavy metals (Aranda, 2008) . Combination of MK and PWS in cement matrix reduced the CH via pozzolanic reactions. Therefore, pH of elutes was decreased and stabilization and solidification of heavy metals occurred. In addition, Iron oxide (22.52%) and Silicon dioxide (18.01%) have a positive effect on anion and metal immobilization in the solidified waste samples, because they act as sorbents, which favor surface complexation and precipitation of anions and metals on their surface (Karamalidis et al., 2010) . As can be observed in Table  3 , the concentration of chromium (Cr) was increased in FCC powder (0.23 ppm) compared with neat ash (<0.05 ppm). Nevertheless, it was lower than the permissible standard value (5 ppm). Cr may become incorporated and encapsulated into the nanoporous CSH gel. Thus, the formation of CSH with the pozzolanic reaction of FCC materials resulted in increasing the concentration of Cr to some extent (Aranda, 2008) .
CONCLUSION
The use of industrial waste materials such as PWS and petrochemical ash, and also MK, as an active pozzolanic material, in cement-based composites has gained considerable importance due to the requirements of environmental protection, economic consideration, and supportable construction materials. According to the obtained results of this study, conclusions are as follows:
-MOR, MOE, and FT of composites were increased significantly with the addition of PWS. Composites produced with 6% PWS content showed superior average mechanical properties. The decreasing effect of PWS content on IB strength can be explained by the reduced bonding ability of fibers to cement with increasing PWS content in the mixture.
-Petrochemical ash is composed of impurities which reduced adhesion to cement; therefore, some engineering properties were decreased with increasing ash content up to 15%. However, FCC showed acceptable strength levels.
-FCCs incorporating 10% MK indicated highest MOR, MOE, and FT; while maximum IB belonged to composites containing 15% MK.
-Increasing water absorption and reducing the density of composites were observed with the replacement of PWS, ash, and MK with PC.
-According to XRD analysis, CH peaks was disappeared approximately and CSH and Ettringite peaks were intensified with the addition of MK, ash, and PWS. This is caused by the reaction of CH with MK, ash, and PWS which produced CSH responsible for the strength of composites.
-According to the obtained results, FCC manufactured with 6% PWS, 10% ash, and 10% MK is considered as the optimum combination. Overall, this study indicated the possibility of reusing PWS and petrochemical ash as well as replacement of MK in producing of lightweight FCC with acceptable properties for construction applications.
-It was found that concentrations of heavy metals in both ash and FCC were lower than permissible values determined by EPA 1311. It can be attributed to the proper solidification and encapsulation of ash within the cementitious matrix. Combination of MK and PWS in cement matrix reduced the CH via pozzolanic reactions. Therefore, successful stabilization and solidification of heavy metals will occur with no environmental concerns.
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